Abstract Individuals with hemiparetic stroke often exhibit an abnormal coupling between the frontal plane of the hip and saggital plane of the knee during gait. The purpose of this study was to determine if stretch sensitive reflexes, which are known to be altered following stroke, exhibit similar coupling between the muscles of the hip and knee in the post-stroke population. Eighteen subjects were recruited for this study including ten with hemiparesis resulting from stroke and eight unimpaired, age-matched controls. A servomotor was used to apply ramp and hold perturbations to both the hip and knee joints in separate sessions and electromyographic activity was recorded in eight muscles of the lower limb. Hip abduction perturbations elicited abnormal activation in rectus femoris (RF) in seven of ten stroke subjects with amplitudes ranging from 3.2 to 12.5% of the maximum voluntary contraction (MVC). Only two of eight control subjects exhibited any activity in RF and these responses were only 2.1 and 2.7% of MVC. To determine if the responses in the stroke group were a result of muscle stretch, a musculoskeletal model was used to simulate the experimental abduction perturbations and estimate muscle length changes. The simulation revealed that RF should be shortened by the perturbations and this suggests that the response was not likely due to direct stretch. Moreover, knee flexion perturbations elicited responses in the hip adductors (AL) with a mean amplitude of 5.1 ± 3.8% of MVC across all stroke subjects while no significant responses were recorded in controls. The presence of a reciprocal, reflex-mediated coupling between RF and AL following stroke suggests that changes in the excitability of spinal networks may contribute to the development of abnormal inter-joint coordination patterns observed during hemiparetic gait.
Introduction
One of the common features of hemiparetic gait involves an impaired dynamic coupling between the frontal plane of the hip and the saggital plane of the knee. This coupling is evidenced by excessive hip circumduction and a reduction in knee flexion during swing (Kerrigan et al. 1991 (Kerrigan et al. , 2000 . Biomechanical simulations investigating potential muscular contributions to this impaired knee flexion have revealed that it may be attributed to abnormal activation of the quadriceps (Piazza and Delp 1996; Riley and Kerrigan 1998; Goldberg et al. 2004) . Indeed, analysis of muscle activity during hemiparetic gait has revealed that abnormal activation of the quadriceps prior to and during the swing phase appears to be consistent across subjects (Yelnik et al. 1999; Den Otter et al. 2006) . The goal of this study was to determine if there is evidence for a spinal contribution to this abnormal pattern of muscle activity following stroke.
Abnormal regulation of afferent feedback has classically been hypothesized to be a significant contributor to abnormal motor behavior in individuals with stroke. These abnormalities are characterized by a lower velocity threshold for eliciting a stretch reflex (Powers et al. 1989) and heightened reflex responses in comparison to healthy subjects (Thilmann and Fellows 1991) . Possible mechanisms mediating this increase in sensitivity include a loss of presynaptic inhibition of Ia afferents (Faist et al. 1994) or facilitation of group I and group II activated, lumbar interneuronal pathways (Marque et al. 2001b ). Furthermore, a reduced contribution of afferent feedback to locomotor activity in the soleus has been demonstrated following stroke (Mazzaro et al. 2007 ). The correlation between this depression and the level of spasticity suggests that abnormal processing of afferent input may indeed contribute to functional impairments. Although a number of studies have characterized the changes in monosynaptic reflexes within a single joint, there is a lack of research addressing the role of multi-joint reflexes following stroke and how these reflexes are differentially modulated with respect to control subjects.
Heteronymous reflexes, which occur when afferent activity from a muscle evokes an excitation or inhibition of a different muscle, serve as a direct, neural coupling between muscles and as such, these reflexes have the potential to contribute to multi-joint coordination. In the human lower limb, stimulation of group-I and group-II afferents from intrinsic foot muscles has been shown to produce widespread reflex excitation throughout the lower limb (Marque et al. 2001a (Marque et al. , 2005 . Furthermore, activity in hip muscle spindle afferents during gait appears to be critical in the initiation of both the stance to swing transition (Grillner and Rossignol 1978; Hiebert et al. 1996) and the swing to stance transition (McVea et al. 2005) . What remains to be seen is how potential changes in these afferent-mediated, inter-joint connections contribute to leg muscle coordination following stroke.
Given the evidence for impaired single joint reflexes in the lower limb of individuals with stroke and the suggested role for heteronymous reflexes during unimpaired locomotion, we sought to investigate how stroke influences heteronymous reflex coordination in the human lower limb. Specifically, we quantified the reflex coupling between muscles acting in the frontal plane of the hip and saggital plane of the knee due to the functional significance of these muscles in post-stroke gait. We hypothesized that following stroke, activity in the quadriceps muscles would be facilitated by mechanical stimulation of hip adductor afferents. This hypothesis was evaluated using hip abduction perturbations to compare reflex responses between stroke survivors and unimpaired subjects. In addition, both patellar tendon taps and matched knee flexion perturbations were used to investigate if a mechanical stimulus to the quadriceps would elicit reflex activity in the hip adductors. Our results revealed a bi-directional reflex coupling between the hip adductors and knee extensors and may provide insight to the neural mechanisms responsible for the abnormal patterns of coordination seen during hemiparetic gait.
Materials and methods

Subjects
Eighteen subjects were recruited for this study including ten with unilateral stroke (Tables 1, 2 ) and eight unimpaired, age-matched control subjects (age 54 ± 9 years, range 36-65). Subjects from the stroke population were recruited if they had a unilateral stroke, presented right side hemiparesis, and had no cognitive deficits that would prevent them from performing the experimental protocol. Subjects in both the control and stroke groups had no prior history of injury or surgery to their hip or knee. All experimental procedures were approved by the Institutional Review Board of Northwestern University and complied with the principles of the Declaration of Helsinki. Informed consent was obtained prior to testing.
Equipment
A computer-controlled servomotor (Kollmorgen Goldline B-808-A) was used to apply angular stretches to the hip joint. The motor was controlled using a Kollmorgen SR55200 velocity controller, a Galil Motion Control DMC-1710 position controller, and a customized graphical user interface (GUI) which served as the interface between the motor's control system and the data acquisition system. The subject's leg was rigidly attached to the motor shaft using a custom fiberglass cast and coupling ring attached to the ankle as shown in Fig. 1a . Given the constraints of the experimental setup, the motor's axis of rotation was centered at the knee. However, since the perturbation amplitude was small and no restraints were in contact with the knee, the resulting movements occurred primarily in hip abduction and adduction. To quantify the actual amplitude of abduction at the knee, the relative angle of the thigh and shank was measured before and after a 5°perturbation for two subjects. This angle was computed by digitizing the location of markers placed on the iliac crest, lateral femoral epicondyle, and ankle coupling ring using a portable digitizer (MicroScribe G2). These points were then used to create vectors representing the relative orientation of the thigh and shank. The resulting knee abduction amplitude was found to be 0.87°± 0.54°which is significantly less than the minimum angle used to elicit reflexes during valgus perturbations of the knee (Dhaher et al. 2003) . Pre-amplified, surface electrodes (Delsys Bagnoli DE-2.1) were used to record EMG activity in rectus femoris (RF), vastus lateralis (VL), vastus medialis (VM), semitendinosus (ST), semimembranosus (SM), medial gastrocnemius (MG), lateral gastrocnemius (LG), and the hip adductors (AL). The electrodes were arranged in a parallel bar configuration with an inter-electrode distance of 1 cm and each electrode had a length and width of 1 cm and 1 mm, respectively. Each active electrode had a preamplifier gain of 10 V/V and a pass band ranging from 20-450 Hz. Each electrode, not including the hip adductors, was located using the surface electromyography for the non-invasive assessment of muscles (SENIAM) standards (Hermens et al. 1999) . For the hip adductors, the electrode was placed four fingerbreadths distal to the pubic tubercle while the subject adducted the thigh (Delagi et al. 1981) . This location was selected to primarily target adductor longus, however, it is possible that activity from gracilis was measured as well. Correct placement of the surface electrodes was tested by asking the subject to perform moderate contractions to isolate each muscle and verifying that no crosstalk was recorded from electrodes on adjacent muscles. This was quantified by calculating the average rectified EMG amplitude in adjacent muscles over a 50 ms time window and verifying that it was not statistically different than the activity in the respective muscles during a trial where the subject was relaxed.
The EMG signals were additionally amplified using a gain of 100 V/V and both the EMG and resolver signals were low-pass filtered at 227 Hz using 8th-order Bessel anti-aliasing filters (Avens 16 channel 4218) and were notch filtered at 60 Hz. The signals then were sampled at 1,000 Hz using a National Instruments NI PCI-6033E data acquisition board. The data were acquired using the Matlab Data Acquisition Toolbox (The MathWorks, Inc., Natick, MA, USA) and subsequent analyses were performed in Matlab.
Protocol
Maximum voluntary contractions (MVCs) were recorded at the beginning of each experiment and these values were used to normalize EMG activity across subjects. MVCs for the knee and ankle joints were performed against an applied resistance from the experimenter and MVCs in hip adduction were recorded against an applied torque from the motor while it was set in position servo mode. The MVC for each muscle was computed by taking the maximum average rectified EMG amplitude calculated over a 50 ms moving window for each trial. MVC torque in hip adduction was also estimated by multiplying the tangential force at the ankle by each subject's leg length which was estimated based on height using anthropomorphic data (Winter 2004) . The mean MVC values for each subject group are listed in Table 3 .
Ramp and hold perturbations were used to perform controlled, repeatable stretch of the hip adductors and knee extensors to investigate the presence of heteronymous reflexes in the lower limb. Each experimental trial consisted of a sequence of 20 ramp and hold perturbations. For the hip abduction trials, the velocity and amplitude were set to 80°/s and 5°, respectively; these perturbation parameters were sufficient to elicit consistent reflex responses in the stretched muscles of both populations. Within each trial, perturbation direction was randomly alternated between abduction and adduction to minimize the probability that subjects would systematically activate their muscles in preparation for the oncoming perturbation. Six randomly selected stroke subjects were asked to return for a second visit to participate in the knee flexion protocol. For these trials, perturbation direction was randomly varied between flexion and extension. Perturbation parameters of 130°/s and 5°were chosen to provide the same stretch velocity to the knee extensors as was provided to the hip adductors in the hip perturbation trials (method described in ''Biomechanical modeling''). For both sets of trials, the interval between perturbations was varied randomly from 1 to 3 s while the duration of hold was randomized between 200 ms and 1 s. Uniform distributions were used for all randomizations.
Reflexes were elicited at fixed levels of background EMG and quantified relative to the EMG measured at MVC. Subjects were assisted in maintaining the desired level of contraction through real-time visual feedback of muscle activity using the target matching paradigm shown in Fig. 1b . The horizontal position of the ball represented the level of normalized AL activity while the vertical axis represented the normalized activity in RF. The displayed levels of activity were computed using a 100 ms moving average of the rectified EMG to provide a smooth visualization of the current muscle activity. At the beginning of each target matching trial, the subject was instructed to activate their AL or RF to position the ball into a box on the screen and to keep the ball within the box throughout the trial. For the hip abduction and knee flexion experiments, subjects maintained a contraction of AL and RF, respectively, equal to 5% of MVC. To assess the potential confounding effect of volitional coupling on the reflexes observed in the stroke group, a subset of control subjects repeated the hip abduction experiments using co-contraction levels of AL and RF matched to the average levels measured in the stroke group. Each subject's reaction time was measured to ensure that all estimates of reflex activity occurred prior to the onset of volitional or triggered reactions to the imposed perturbations. During a single, randomized trial of 20 hip abduction perturbations with a velocity of 80°/s and amplitude of 5°, subjects were instructed to perform a cocontraction of the thigh muscles as quickly as possible each time the motor moved from the starting position and the resulting EMG's were recorded. The reaction time for each Fig. 1 a Experimental setup for applying hip abduction perturbations. Subjects were seated in a Biodex chair with their ankle secured to the motor via a rigid beam. Trunk movement was minimized by securing the torso using two straps which crossed the chest and were secured to the chair. b Illustration of the target matching paradigm used to assist participants in maintaining the desired level of muscle activity Table 3 EMGs recorded during MVC trials and maximal moment recorded during hip adduction
LG ( subject was taken to be the minimum latency of EMG onset following each perturbation. Since the responses were simple and independent of the direction of motor movement, they were likely to be pre-programmed, triggered reactions (Crago et al. 1976) . It is possible that the knee flexion perturbations could cause unintended length changes in AL due to vibrations transmitted through the measurement apparatus to the tissues connecting the knee to the hip (Burke et al. 1983 ). To address this issue, a series of patellar tendon taps was applied to each subject, providing a direct isolated stretch of the quadriceps muscles. During these control experiments, subjects were instructed to stay relaxed while a series of 20 taps were applied using an instrumented tendon tap hammer (Dhaher et al. 2003 ) and the corresponding EMG responses were recorded. Tap force was manually adjusted for each subject to produce consistent reflex responses in the quadriceps.
Data analysis
The position signal from the resolver was two-way low pass filtered using a digital second order Butterworth filter with a 20 Hz cutoff frequency and the resulting signal was used to calculate the velocity profile. To compute the average reflex response, the EMGs recorded during each perturbation were aligned about the point where the velocity reached 30°/s. These aligned EMGs were then rectified and averaged. To control for changes in volitional activity during the course of a trial, the average EMG amplitude was calculated over a 500 ms window starting 200 ms prior to perturbation onset for each response. Responses whose amplitude was more than 3 standard deviations above the mean amplitude for the remaining responses were removed. In all cases, a minimum of 15 responses were then averaged to estimate the average reflex elicited in each muscle.
Reflex onset latency and amplitude were computed from the averaged data and these measures were used to characterize both the homonymous and heteronymous reflexes. Baseline activity was computed by averaging the rectified EMG during the 100 ms prior to movement onset. Reflex onset was defined as the time following movement onset when the EMG exceeded the average baseline activity by three standard deviations for 5 ms. Reflex latency was then measured as the difference between the movement and reflex onsets. Reflex amplitude was quantified as the mean amplitude of the rectified EMG during the 50 ms following the onset of the response. To minimize the possibility of analyzing higher level triggered responses, reflex amplitude was only quantified if the response onset occurred more than 50 ms before the minimum reaction time measured across all subjects.
Biomechanical modeling
Due to the complex architecture of the musculoskeletal system, it is possible that the applied abduction perturbations could stretch muscles other than the adductors. To account for this possibility, an inverse kinematic simulation using a generic three-dimensional musculoskeletal model was developed to estimate the changes in muscle length resulting from the experimental perturbations. Data from these simulations were used to determine if measured EMG responses could simply result from muscle stretch and not intermuscular, heteronymous connections. The model was constructed using the AnyBody modeling system (AnyBody Technology, Aalborg, Denmark) and the parameters, including muscle lines of actions and bone surfaces were obtained from previous studies (Dostal and Andrews 1981; Delp 1990; Herzog and Read 1993) . The model included 26 muscles of the lower limb as well as the bones of the torso, pelvis, thigh, shank, and foot. Perturbations were simulated by positioning the model in a seated configuration and moving the hip joint from the starting position to the final abducted position as measured during the experiments. During the simulation, the hip flexion/extension and internal/external rotation degrees-of-freedom were fixed. This was assumed to best mimic the experiment since the fixation of the ankle did not allow for internal/ external rotation and the seating configuration minimized the likelihood of hip flexion or extension. An inverse kinematic analysis was then performed to calculate the resulting change in length for each muscle from which EMGs were measured experimentally.
To account for anatomical differences between the participants in this study and the generic biomechanical model, a sensitivity analysis was performed on the muscle insertion coordinates. The x, y, and z coordinates of each muscle's insertion and via points were independently and randomly varied between ±10% of the respective muscle's length using a uniform distribution. Simulations were performed 1,000 times, each using a different set of randomly selected coordinates. The resulting changes in muscle length for each simulation were computed and used to generate 95% confidence intervals for the actual change in length for each muscle of interest.
The musculoskeletal model also was used to match the velocity of the RF muscle to that of the AL during the imposed knee and hip perturbations, respectively. The parameters for the knee flexion perturbations were determined by solving Eq. 1 for perturbation velocity. length versus joint angle plot for a 10°knee flexion. The muscle stretch velocity was estimated initially for the AL from the simulation of the hip abduction protocol. This parameter, as well as the duration of stretch, was matched for the knee flexion protocol.
Results
Responses to hip abduction perturbations
The hip abduction perturbations produced consistent reflex responses in the stretched AL for both the stroke and control groups. Figure 2 shows representative EMG responses in individual stroke and control subjects. Both subjects exhibited excitatory responses following muscle stretch, as would be expected from the monosynaptic stretch reflex. As a group, the reflexes elicited in the control subjects had a mean latency and amplitude of 47 ± 6 ms and 8.3 ± 2.5%MVC, whereas those elicited in the stroke subjects had a latency of 42 ± 8 ms and amplitude of 41.3 ± 9.8% MVC. The reflex amplitude was significantly greater in the stroke subjects than in the controls (P = 0.012) while the converse was true for the latency (P = 0.017). To address the possibility that the reduced latency in the stroke subjects was due to a lower reflex threshold, reflexes were also elicited in the stroke group without pre-activation of the AL. These responses occured at a latency equal to that of the control subjects (47 ± 5 ms) suggesting that the observed differences between the groups was likely due to differences in stretch reflex threshold during active contractions.
In the stroke subjects, hip abduction perturbations also elicited reflex responses in muscles other than the AL, which were not targeted by the perturbation. Figure 3a shows average EMG responses in eight muscles of representative stroke and control subjects. Some responses, such as those in BF and MG, occurred at a latency near the minimum reaction time of 116 ms and therefore were not considered in the subsequent analyses. The most consistent response in the stroke group other than in the AL was in the RF. Of the ten subjects tested, seven exhibited RF responses, three had responses in ST, and no responses were recorded in other muscles. The amplitude of the RF responses ranged from 3.2 to 12.5% of MVC with a mean latency of 44 ± 7 ms which was not significantly different than that in the AL (P = 0.083).
In contrast to the stroke subjects, individuals in the control group did not show consistent activity in any muscles other than the adductors. Figure 3b shows a representative response for a single control subject and no significant activity is present in any muscles other than AM prior to the subject's reaction latency. As a group, only two of the eight control subjects exhibited any response in the RF and in each case, they were substantially smaller than the responses in the stroke group. In the subjects who did show this activity, the responses were only 2.1 and 2.7% of MVC. It should be noted that the discrepancy in reflex amplitude between the two groups was not a result of the normalization procedure. The mean absolute RF EMG amplitude for the control group was 11.7 ± 4.6 lV compared to 20.1 ± 2.5 lV for the stroke group (P = 0.025).
It is possible that the presence of a RF reflex response in the stroke subjects reflected a descending co-activation of the RF and AL motoneuron pools. Subjects in the stroke population did maintain a slight co-activation during target matching of the AL such that RF was activated at 2.9 ± 1.5% of MVC. In contrast, the background activity of the RF in the control group was significantly lower (1.4 ± 0.6% MVC; P = 0.017). To verify that the observed reflex coupling between AL and RF did not simply reflect differences in the voluntary activation of the Fig. 2 Perturbation profile and corresponding reflex response in the adductor for subjects S5 and C2 from the stroke and control groups, respectively. The perturbation had an amplitude of 5°and a peak velocity of 80°/s. Negative displacement reflects hip abduction. Both subjects exhibit clear reflex responses, but the response in the S5 is significantly larger than the response in C2. EMG traces are the average of 20 trials RF by the stroke subjects, five control subjects were asked to co-activate the RF and AL to match the average levels seen in the stroke group. Even at matched levels of background activation, none of these control subjects exhibited significant reflexes in the RF. Across all control subjects, the average RF EMG between 25 and 75 ms following perturbation onset was only 0.6 ± 0.3% MVC.
Estimated muscle length changes
The results of the experimental simulations using the musculoskeletal model showed that hip abduction perturbations were not likely to stretch the RF. Figure 4 shows the normalized change in muscle length for five muscles of the thigh during a biomechanical simulation of a 10°hip abduction. The adductor longus (AL) and gracilis (Gra), which both serve as adductors of the hip, as well as semitendinosus (ST) and biceps femoris (BF) were each lengthened by the abduction movement. In contrast, rectus femoris (RF) was shortened by the simulated hip abduction. This was confirmed by the sensitivity analysis of the muscle insertion coordinates which resulted in a 95% confidence interval of -2.46 to -2.37% change in muscle length.
Responses to knee flexion and extension perturbations
Responses to knee flexion perturbations in six stroke subjects revealed that the reflex coupling between AL and RF following stroke was reciprocal. These perturbations produced excitatory responses not only in the quadriceps (RF, VL, and VM), but also in AL. Representative data from a single stroke subject, S2, is shown in Fig. 5 . The quadriceps stretch reflexes had latencies of 29 ± 8, 33 ± 7, and 37 ± 8 ms for the RF, VL, and VM, respectively while the AL responses, which were present in five of the six subjects, had a mean latency of 47 ± 15 ms. This latency was significantly greater than the RF latency (P = 0.002) suggesting that the response did not result from intermuscular crosstalk, but it was not greater than the homonymous reflex latency in AL following hip abduction perturbations (P = 0.215). In contrast to the knee flexion perturbations, knee extension did not produce excitatory responses in any of the quadriceps. Responses to patellar tendon tap
The tendon taps elicited excitatory responses in the quadriceps of all subjects, but concurrent responses in AL were only observed in the stroke population. Typical responses in individual stroke and control subjects are shown in Fig. 6 . The stretch reflex in RF had a mean latency of 23 ± 2 and 24 ± 4 ms for the stroke and control groups, respectively, while the AL response in the stroke group had a mean latency of 27 ± 8 ms. Subjects in the stroke group had significantly larger responses in each of the quadriceps muscles as compared to controls (all P \ 0.05), as well as significantly larger responses in the AL (P \ 0.05). These differences did not result from differences in the tap force applied to the tendon, as a post hoc analysis indicated that the mean tap force used for the stroke subjects (13.4 ± 3.9 N) was significantly lower than that used for the controls (20.1 ± 6.6 N; P \ 0.001).
Discussion
Single-joint angular perturbations were applied to the hip and knee to investigate the existence of abnormal multijoint reflexes in the lower limb of individuals with stroke. Our data revealed that abduction stretches elicited an excitatory response in the hip adductors with a latency consistent with a monosynaptic stretch reflex (Ertekin et al. 2006) . In addition, these hip abduction perturbations elicited reflexes in the RF, a knee extensor and hip flexor. This response was reciprocal, such that a stretch of the RF also caused reflex excitation of the AL. These findings are consistent with an increased facilitation of heteronymous reflexes following neurological insult (Marque et al. The tendon tap elicited stretch reflexes in RF, VL, and VM for both subjects, but in addition to these responses, subject S2 shows a clear response in AL which was not stretched by the tendon tap 2001b; Crone et al. 2003) and may provide insight into the mechanisms contributing to the abnormal dynamic coupling between the hip and knee joints in hemiparetic gait.
The EMG measure used to compare muscle activity across subjects may be influenced by anatomical factors or the normalization procedure used on the raw EMG. For a given level of muscle activity, comparison of absolute EMG between subjects may be confounded by variations in subject-specific parameters such as adipose thickness (Kuiken et al. 2003) , surface impedance (Perreault et al. 1993) , and the relative location between the electrode and the motor point (Dimitrova and Dimitrov 2003) . Hence, it is beneficial to adopt a normalization procedure to compare measurements on an equivalent scale. However, when using MVC to normalize EMG, hemiparetic subjects may have a substantially reduced MVC amplitude in comparison to able-bodied controls. Indeed, the EMG recorded in the current study during maximum voluntary hip adduction was significantly reduced in our hemiparetic subjects, yet there was no significant difference in the resulting adduction torque during MVC. This differs from previous studies of hemiparetic subjects which have demonstrated a reduction in knee extension torque of up to 80% of control values (Mulroy et al. 2003) . The discrepancy between EMG and torque-based measures of MVC reflect the lack of a direct mapping from EMG to functional output. Ultimately, studies quantifying the mechanical contribution of the observed coupling are necessary to determine if these reflexes could contribute to impaired function.
The present investigation of abnormal reflex coupling was motivated by previous evidence of abnormal singlejoint reflexes following stroke. These studies indicated that stretch reflexes in stroke survivors are characterized by a lower velocity threshold (Powers et al. 1989) , lower amplitude threshold (Levin and Feldman 1994) , and heightened responses in comparison to unimpaired controls (Thilmann and Fellows 1991) . Although these studies helped to characterize the fundamental properties of spinal reflex pathways, they did not address the possible contribution of these pathways to impaired muscle coordination. Before quantifying this contribution during functional tasks, it was first necessary to demonstrate the existence of abnormal reflex coupling in a controlled setting while also characterizing the properties of this coupling. This process follows the trend of conventional stretch reflex studies which have analyzed simple tendon tap responses before progressing to increasingly complex, functional movements. While the results of this study demonstrate the existence of abnormal reflex coupling in individuals poststroke, the origin and functional contribution of this impairment remain to be determined.
Potential mechanisms contributing to inter-muscular reflex coupling Abnormal activation of rectus femoris is consistent with an increased facilitation of lower-limb extensors following neurological disorder. Following stroke, the inhibition in soleus typically produced by rapid plantarflexion perturbations is significantly attenuated during gait (Mazzaro et al. 2007 ) and may reflect a bias favoring extensors in the lower limb. Facilitation of the lower limb extensors also has been demonstrated in individuals with stroke following stimulation of various heteronymous afferents. For instance, stimulation of the gastrocnemius nerve at group-I intensity typically inhibits soleus motor neurons in ablebodied subjects, but this inhibition is replaced by facilitation in the paretic limb of stroke survivors (Delwaide and Oliver 1988) . Likewise, stimulation of heteronymous afferents in the common peroneal nerve produces reciprocal excitation of the soleus in hemiparetic individuals in contrast to the inhibition produced in controls (Crone et al. 2003 ) and this stimulation also elicits an increased facilitation of the quadriceps (Marque et al. 2001b) . In contrast to these previous studies we did not observe activity in any of the monoarticular muscles of the knee or in any of the ankle extensors. This suggests that the coupling observed in the current study is more selective than a general extensor bias. However, at this point, the precise mechanisms contributing to this reflex coupling remain unclear.
The presence of an excitatory response in the rectus femoris following hip abduction perturbations could potentially be explained by afferent activity stemming from a change in the muscle's length. Given the complex architecture of the musculoskeletal system, it is conceivable that a hip abduction perturbation may lengthen the rectus femoris and produce a monosynaptic stretch reflex. However, our biomechanical simulations revealed that rectus femoris should actually be shortened as the hip adductors are stretched. While this result refutes the idea of a stretch-mediated response, it does not eliminate the possibility that the muscle was activated through other segmental pathways.
Excitation of muscles which are shortened by a perturbation has classically been attributed to shortening reactions or reciprocal excitation. Shortening reactions have been demonstrated following single joint perturbations in the upper and lower limb (Katz and Rondot 1978) and typically have a longer latency than the stretch reflex elicited in the antagonist (Burke et al. 1971; Miscio et al. 2001) . The results of the current study differ from this description in two ways. First, there was no difference in latency between the stretch reflex in AL and the response in RF. Second, one also would expect RF to respond when directly shortened by knee extension. This was not the case Exp Brain Res (2008) 188:529-540 537 in our study as knee extension perturbations did not elicit any excitatory response in RF. Alternatively, the RF response to hip abduction could be mediated by reciprocal excitation which is characterized by simultaneous responses in agonists and antagonists at tendon jerk latency (Myklebust et al. 1982) . Since the latency of the RF reflex was the same as the stretch reflex in AL, the possibility of reciprocal excitation cannot be ruled out using the methods of the current study. It has been suggested that this phenomenon is mediated by group-Ib afferent activity from antagonist muscles (Laporte and Lloyd 1952) , so future studies utilizing varying force levels in antagonists should then be able to address this as a possible mechanism. Changes in descending motor commands following stroke also could contribute to altered reflex coordination. Following cerebrovascular accident such as stroke, individuals may rely on descending pathways such as the vestibulo-, tecto-, and reticulospinal tracts which have more diffuse connections than the cerebrospinal tract (Gracies 2005) . Rearrangement of descending pathways also may include branching of intact corticospinal fibers to new motor neuron groups (Farmer et al. 1991) or branching of spinal interneurons onto motor neurons that are missing descending fibers (Weidner et al. 2001) . Thus, reorganization of descending control pathways may contribute to the observed volitional coupling between AL and RF during the target matching task. This co-activation may have resulted in an increased excitability in the motor neurons pools of both muscles such that any afferent input would produce a response in both muscles. The lack of a response in RF in the control group following hip abduction perturbations could then be explained by a lack of co-activation which would leave the RF motoneuron pool in a sub-threshold state. However, since targeted co-activation of RF and AL in the control group did not produce a reflex response in both muscles; it does not appear that the response seen in the stroke group resulted from a descending co-activation bias.
Functional implications
Reflex activation is known to be task specific Zehr and Stein 1999; Dietz and Sinkjaer 2007) and our results must be interpreted in that context. Nevertheless, the observed patterns of reflex coupling may provide insight into the mechanisms constraining muscle activation patterns during volitional movements, including gait. Evidence for the link between reflex excitability under isometric conditions and its function during movement has been provided by a number of studies. In the feline model, the excitatory heteronymous coupling between the vastii and triceps surae, as well as the inhibitory coupling between the vastii and rectus femoris (Wilmink and Nichols 2003) , reflect the in-phase movement of the ankle and knee and the independent movement of the hip during locomotion. In humans, H-reflex amplitude in the soleus is facilitated during hip extension and inhibited during hip flexion reflecting its level of activity in stance and swing phase, respectively (Knikou and Rymer 2002) . Following stroke, withdrawal reflexes in the upper-limb have been shown to produce an abnormal spatial distribution of torque (Dewald et al. 1999 ) which was similar in nature to the constrained torque synergies seen during volitional arm movements (Dewald et al. 1995) . In the hemiparetic lower limb, the facilitation of quadriceps motoneurons following stimulation of the common peroneal nerve (Marque et al. 2001b ) and the facilitation of rectus femoris in the current study may reflect the abnormal activation of the quadriceps prior to and during the swing phase of gait (Yelnik et al. 1999; Den Otter et al. 2006) .
The relationship between the function of the muscles involved in the observed reflex responses and the kinematic abnormalities seen during in hemiparetic gait provides further evidence that these reflex abnormalities may be related to functional impairments. The two functions most commonly ascribed to the biarticular rectus femoris are knee extension and hip flexion. Hence, co-activation of rectus femoris and the hip adductors should produce moments in adduction and flexion at the thigh and possibly an overall stiffening of the knee joint. While a knee extension moment would be consistent with previous findings regarding reduced knee flexion in hemiparetic gait (Kerrigan et al. 1991; De Quervain et al. 1996) , adduction of the hip might seem to be in opposition to the clinical definition of circumduction. Circumduction, which is defined as an increased coronal thigh angle during swing (Kerrigan et al. 2000) , could be explained by an increase in the amplitude of hip abduction. However, it has been shown that the excessive coronal thigh angle is primarily due to hip hiking and the hip angle is actually more adducted in circumducting individuals as compared to controls (Kerrigan et al. 2000) . This reduced hip abduction is consistent with the adduction moment created by AL, so it is reasonable that activation of both of the AL and RF may contribute to the impaired hip and knee function seen during hemiparetic gait.
Alternatively, the increased reflex activation of the hip adductors may reflect a beneficial compensatory strategy used by the nervous system to counter the enhanced activity in the knee extensors. Mulroy et al. (2003) recently demonstrated that a subgroup of hemiparetic subjects exhibited increased activation of adductor longus in addition to the commonly reported enhanced rectus femoris activity. This increase in activity in the adductors was accompanied by greater knee flexion during swing, suggesting that the adductor longus may have generated a hip flexion moment that facilitated knee flexion through inertial coupling of the thigh and shank. Moreover, if the hip adductors are activated as a group, contraction of gracilis would further counter the enhanced activity in the knee extensors due to its moment arm in knee flexion (Wretenberg et al. 1996) . Studies investigating the relationship between the strength of the reflex coupling reported in the present study and the kinematics of hemiparetic gait will help to distinguish between these alternative functional roles of the enhanced reflex coupling between the rectus femoris and adductor longus.
